I. Introduction
The status quo in today's gas turbine engine is a nominal pressure-loss combustion process. Constant-volume combustion (CVC) systems that accomplish pressure gain have the potential to significantly cut fuel consumption and CO2 emissions of gas turbines, power plants, and propulsion systems. The wave rotor is a promising candidate for implementing CVC mechanically, delivering relatively steady outflow with low inherent losses and high durability. Previously used as dynamic pressure exchangers [1] [2] [3] and considered as topping devices for gas turbine engines [3] [4] [5] [6] , wave rotors have been tested and reported as combustors in one prior test rig [7] . Akbari and Nalim [8, 9] provide a detailed reviews of recent developments.
The wave rotor constant-volume combustor (WRCVC) utilizes unsteady wave motion and mechanical confinement to provide pressure gain during combustion. The combustion passages in a WRCVC are arrayed on the periphery of a drum that rotates between two stationary end plates, which house the intake and exit ports. Each passage is periodically charged and discharged as it rotates past partial-annular intake and exit ports located on end walls that function as the intake and exit valves. Premixed air-fuel mixtures flow sequentially, with possibly variable composition, into the rotating combustion passages as they become aligned with the intake port. The passages experience a substantial compression by a traveling shock process before combustion initiation, giving a thermodynamic advantage. When both ends close after charging, the mixture undergoes combustion at nominally 4 constant volume when it is ignited, usually by a jet of hot gas at one or both ends ( Fig. 1 ). Combustion must be completed before the passages rotate into alignment with the exit port, initiating the exhaust process. All wave rotors operate on the principle that optimal port location and rotation speed synchronizes valving at both ends and with internal non-steady processes. With a sufficiently large number of passages, there is relatively steady flow of accepted and delivered gases, albeit with some spatial non-uniformity.
The work reported here was intended to demonstrate and investigate cyclic combustion within a wellinstrumented WRCVC, and to evaluate aerothermodynamic design methods and modeling with respect to fuel distrubution, gas dynamics, and ignition. It was not intended to address all mechanical and thermal design requirements of a practical working product. The rig was designed for backward propagation of the combustion flame front, with ignition at only the exit end of the passages. A significant region of the gas near the inlet end is pure air with no fuel, with a combustible mixture nearer to the exit end ignited by a jet of hot gas from a torch igniter, initiating flame propagation from the exit end wall toward the inlet end. To ensure the desired fuel distribution, the passage is typically fully evacuated and refilled in each cycle, and thus does approximate constantvolume combustion. The WRCVC test rig was designed considering both deflagrative [10, 11, 12] and detonative modes [13, 14] ; the initial tests reported here use only deflagrative combustion. The aerothermal design methods for the WRCVC were based primarily on a one-dimensional transient flow and combustion model. All major loss mechanisms, such as friction, heat transfer, flow incidence, partially open passage-duct flows, shocks, and leakage, are considered in the rig modeling [15] [16] [17] [18] . 
II. Wave Rotor Constant Volume Combustor

A. Experimental Rig
A wave rotor constant-volume combustor was designed [13, 14] , built [19] , operated [20] , and analyzed [18, [21] [22] [23] [24] [25] [26] [27] by an industry-university consortium of the authors' three home institutions. The rotor, 30.95 in. long, consisted of 20 combustion passages separated by 0.1 in. webbing, with radius from 6.48 in. hub to 9.09 in. shroud, so that each combustor has 2.38 in. mean width. Leakage flow between the end plates and the rotor was minimized by their close proximity. Other sealing methods, such as rub seals and brush seals, were considered, but the proximity gap provided a sufficient seal for the initial tests. Leakage flow analysis through a proximity gap of a wave rotor is discussed by Akbari et al [28] . An external casing for leak containment was not installed on the current configuration, leaving the gap exposed to atmosphere.
Figure 2 A cut-out view of the WRCVC test rig [20]
The WRCVC test rig was supplied with air at near-ambient temperature and at a pressure adequate to supply a specified flow rate; the exhaust flow was ducted to the outside atmosphere without attempt at pressure recovery or applying back pressure. The main components of the test article were the inlet, exhaust, rotor, seal plates, ignition source, and fuel injectors (Fig. 2 ). An electrical motor provided rotation with speed control. Gaseous fuels (ethylene and propane) were used in initial testing to avoid vaporization effects and minimize needed mixing time. The porting for initial tests was designed to match an operating speed of 2100 rpm and air flow rates of approximately 10 lb/sec. At this speed, each passage operates at a frequency of 35 Hz (cycle time 28 ms), while the inlet and exhaust 6 ducts will experience weak pulsations at the blade passing frequency of 700 Hz. Short combustion test durations (1-3 seconds) were chosen to keep the rotor and on-board sensors within their design temperature limits, yet allow hundreds of repeating operating cycles.
Figure 3 WRCVC inlet duct showing fuel introduction (upper) and exit duct showing Pitot-tube rake (lower)
Photographs of the rig from its two ends are presented in Fig. 3 . An unwrapped view of the rotor, connecting ducts, and instrumentation is shown in Fig. 4 , in which the θ-axis depicts angular location, with zero corresponding to inlet opening. The exhaust duct was mounted on the opening of the seal plate. It routes the exhaust products away from the test rig and as currently designed does not attempt to capture thermodynamic work available in the exhaust 7 gases. The exhaust boundary of the rotor is exposed to ambient conditions. The exhaust port circumferential span is from -44° to 75°. The typical distribution of gases in the ducts and passages are shown, with air shaded in blue, unburned fuel-air mixture in green, and burned gas in red.
The air inlet duct upstream of the rotor was mounted on the inlet seal plate. It housed the fuel injectors and inlet guide vanes, and provided adequate mixing length for injected fuel and air. The inlet duct circumferential span is from 0° to 104°. The inlet opening and closing timings are chosen to match the inflow duration with waves that are generated by the exhaust opening and closing and travel the rotor length. The port overlap (75°) permits full exhaust purging and allows exhaust outflow momentum to induce inflow. Inlet guide vanes turn the flow by 18° to match the rotor tangential velocity. Thus the inlet flow is ideally axial relative to the passage frame of reference to minimize the incidence losses, which otherwise would contribute to pressure loss and flow separation at the inlet side of the passages. Fifteen fuel injection tubes were evenly spaced at the upstream end of the inlet duct, which has uniform cross sectional shape. Fuel distribution is controlled by the number and location of active fuel injectors. Fuel injection nozzle holes in each tube were located and sized to control cross-flow jet penetration and promote a uniform reactant mixture at the entrance to the rotor.
A propane/air continuous-flow combustor with choked outflow nozzle was developed as the ignition source for the rig [20] . This igniter was mounted on the exhaust end seal plate, providing a hot torch jet that traverses each combustion chamber that moves past the igniter, installed at the 180° location for the initial tests. The torch igniter chamber was cooled with an air jacket, which provides a film of air coating the interior surface of the igniter nozzle.
The torch igniter was designed to operate at approximately one percent of the rig inlet air mass flow.
The passages pictured at an instant in Fig 
B. Measurements and Data Acquisition
Four selected combustion passages (Fig. 4 unwrapped view) were instrumented at the inner radius (hub surface)
with Type-K thermocouples (T1-T12), high-frequency pressure transducers (P1-P12), and ion probes (I1-I12), with data transferred from the shaft via a slip ring. An incremental encoder connected to a counter card tracks the rotor angular location. The angular data is logged at the same frequency, and triggered at the same time, to precisely 9 correlate high frequency data with rotor position. A rake of 6 pitot-tube sensors (P14-P18) installed at the exit duct measured exhaust gas total pressure (Fig. 3, lower) . Additional thermocouples (T13-T26) are installed on the left and right stationary end walls, and a gas sampling tube is installed at the exit-side end wall upstream of the igniter location for assessment of near-wall gas mixture properties.
The WRCVC facility included data acquisition and control systems, including a 16-bit data system with 128 main channels logging data at 500 samples per second per channel. This includes all voltage signals from pressure transducers, thermocouples, control feedback devices, accelerometers, and proximity probes. Additionally, 32 channels were dedicated for 12-bit high-frequency data, typically logged at 200,000 samples per second per channel, synchronized with the main channels by a trigger signal. Separate digital and analog control channels are accessed through a custom LabVIEW control panel. The test sequence was automated with better than 1 ms accuracy, allowing abort criteria on all operational channels. Test operators conducted experiments from a remotely located control room to assure safety.
III. Test Procedures and Major Observations
A series of combustion tests were conducted after verifying the operation of the torch igniter and assessing the leakage rate of the test rig. Each test sequence proceeded with rotor spin to target speed, air flow ramp up to targeted flow, torch igniter firing to provide hot jet flow, and then injection of main fuel flow into the inlet air for the planned wave rotor firing duration. Combustion in the rotor passages was maintained, typically for 1-3 s as planned, and the sequence reversed to shut down. The main objective of the initial combustion tests was to map out successful operating conditions with different fuel injection locations and equivalence ratios. In general, the test rig was able to sustain combustion over a wide range of settings. At the optimum operating conditions, the combustor produced a stable steady exhaust plume and operated smoothly throughout ignition and shutdown. A highly repetitive pattern of combustion events was clearly evident.
The tests were performed with rotor clearances intentionally set wide, nearly 0. In total, nearly a hundred tests were completed, with thirty-four key tests spanning a considerable range of equivalence ratio condition as shown in Fig. 6 . The overall equivalence ratio is based on total air flow, including air within the passage region that is un-fueled. The fueled-region equivalence ratio is based on the portion of air flow into which fuel is injected, and thus indicates the fuel concentration anticipated within the fueled portion of charge assuming perfect mixing at the point of fuel injection and no subsequent mixing downstream. It is noted that the torch igniter delivered a transient traversing jet consisting of an inner core of hot combustion product surrounded by layer of cooling air that protected the torch. The equivalence ratio local to the ignition site is not referred to here.
There is some evidence to indicate that the ignition region may have lower equivalence ratio than indicated by inlet air and fuel flow rates, even prior to torch jet injection. Gas samples were taken at the exhaust seal plate to examine the local equivalence ratio prior to the torch ignition. These analyses, although subject to some uncertainty, showed consistently low equivalence ratio (between 0.4 to 0.6) rather than the inflow fueled-region equivalence ratio of 1.26 to 1.47. A possible explanation is dilution by air in-leakage near the clearance gap, during a phase of the operating cycle where local passage pressure is sub-atmospheric. 
IV. Transient Gasdynamics and Combustion Model
Design of the port locations and predictions of the flow field were made using a time-marching finite-volume model and numerical code, previously validated using pressure-exchange (non-combustion) wave rotor experiments [15, 16, 17, 5] . The initial model for design purposes used turbulence and reaction rate parameters based on prior WRCVC literature [7, [10] [11] [12] and turbulent combustion theory discussed below. The port geometry design [13, 14] based on the initial model was found acceptable after these parameters were refined through measurements. The interpretation of measurements presented below will be aided by first examining model predictions and validation.
The time-marching, spatially one-dimensional model simulates the transient gas dynamics and combustion in one combustion passage of a WRCVC. Wave rotor operation is dominated by wave and flame propagation along the passages; thus variations in the other directions are considered negligible in the model. The code thus solves onedimensional time-dependent mass, momentum, and energy equations together with equations for species or reaction progress variables, assuming uniform cross-section area and a calorically and thermally perfect gas with constant specific heat ratio (γ).
In Eqs. 1-3, vector w represents the conserved parameters while vector f represents the flux and S represents source terms, all in dimensionless form using a selected reference state.
The source term applicable to the internal region includes the effects of friction, heat transfer, turbulence and species conversion (combustion), and is given in Eq. 4. Leakage-related terms (radial and circumferential) were applied to the passage ends (terminal cells), but their complex details are omitted here for brevity and may be seen together with complete derivation in Ref. 18 .
Sub-models of loss mechanisms include friction, heat transfer, clearance gap leakage flow, partial (gradual) passage opening/closing, turbulent-diffusion, mixing in the ports, and flow incidence. The friction loss model accounts for the wall shear stress, and wall heat transfer is calculated using Reynolds-Colburn analogy [17] . The walls are assumed to remain at room temperature during the short test duration. Turbulence intensity, which drives axial diffusion [11] , is calibrated for observed combustion rate. The value of eddy-diffusivity ratio (turbulent to molecular) is set to 2500, and a turbulent combustion rate coefficient of 0.35 times the eddy-rotation rate. The flow through the clearance gaps between the rotor and the seal plates are modeled as a flow through an orifice [16] , including flow through the clearance gap in the circumferential direction from one passage to another [18] . The model was calibrated with the experimental data of the test rig during cold runs, with air flow but no combustion. A coefficient of discharge of 0.8 gave the best match with data and was used for all the simulations presented in this work.
The combustion process is represented by simple one-step or two-step reaction. Modeling of both deflagration and detonation is facilitated in the code, with a specified eddy diffusivity driving turbulent deflagration [11, 12, 18] .
The details of the two-step reaction model used here are presented in Ref.
18. The combustion model is temperature based, where the reaction is activated when the local temperature of a cell reaches a threshold value equivalent to the ignition temperature [11, 12, 18] . In prior work, a single-step reaction model was used to achieve reasonably good comparison with the experimental data [21, 22] . Subsequently, a two-step reaction model with four species was used to better represent stratified mixture combustion, with robust and efficient computation [18, 23] . In the two-step reaction model, a generic fuel species first undergoes a partial oxidation with oxidant species (air) to form the Three independent species variables are defined to model the two-step reaction model, corresponding to mass fractions of fuel, oxidant (air), intermediates (right side of Eq. 5), with final products (right side of Eq. 6) calculated from mass balance. The combustion model follows the eddy-dissipation model [29] [30] [31] [32] [33] , with the time mean rate of combustion controlled by a turbulent diffusion model [11] . The reaction rate is inversely proportional to the eddy rotation frequency based on Magnussen and Ertesvåg cascade model [31] . Each reaction step is also controlled by the availability of its reactants and products, with each rate is limited by the least available reactant (on a brush width is estimated to be 7.5 mm. Therefore, 500-1000 computational cells is considered the minimum mesh size. In the calibrated model, the local turbulent flame propagation speed is estimated to be about 80 m/s [18] . While this appears much higher than what is typical in piston internal-combustion engines, it is noted that the onedimensional equivalent speed must be carefully interpreted, as the flame may have significant three-dimensional non-planar features. Furthermore, flame propagation is expected to be strongly affected by baroclinic vorticity production [34] [35] [36] [37] through interaction with shocks and pressure waves, as well as the increase in chemical kinetic rates with rapid internal pressurization.
Ignition is achieved using hot gas jet injected from the torch igniter. The hot gas jet mixes with the air-fuel mixture, forming multiple vortex structures as observed in multi-dimensional fluid flow simulations and experiments with a traversing hot jet ignition [38] [39] [40] [41] [42] . Within the vortices, ignition is predicted to occur where and when hot combustible charge develops. For the purpose of the simpler one-dimensional model, the apparent ignition locations and timing have been estimated from experimental data using pressure transducers and ion probes [18, 25] .
Typically, two apparent ignition locations are used: one at exhaust wall side, where the torch igniter is installed, and one at some stand-off distance corresponding to the vortex structures, with calibration of location and timings.
Roe's flux-splitting method is applied to solve the approximate Riemann problem. The model is integrated using Lax-Wendroff's second-order scheme. The details of the method of integration and the boundary conditions treatment are comprehensively discussed by Paxson [15] . The solution grid independence was examined using different spatial meshes, with time step matched to maintain the same Courant number and ensure numerical stability [23, 18] . The simulation with 800 cells was deemed to present a grid-independent solution. This mesh size is consistent with the grid-density requirements based on the turbulence properties and flame structure discussed in Ref. 18 . Three parameters were adjusted to provide the best possible agreement with the test data: combustion ignition location, heat release, and reaction rate, but were held constant when considering multiple cases. The detailed structure of the wave process are replicated well at multiple sensor locations, as discussed in the next section.
V. Numerical Model Validation
The numerical model validation is illustrated with two test runs of the rig (Table 1) in which on-rotor combustion was successfully achieved, with different fuel distribution in the passage. The operation of WRCVC test rig and the dynamics of its operation are discussed in more detail in prior publications [18, 20, 27, 24] . In each case the fuel introduction system was set to provide fuel via nine of the fifteen available fuel injection positions depicted in Figure 4 and Figure 3 , upper. The two test cases have the same targeted rotor speed, main air flow rate, ethylene fuel flow rate and torch igniter flow rate, which are all set in the simulation. The port boundary conditions are specified through an iterative process to match the flow rates of the simulations with that of the experiments, as there is no direct measure for the pressures and temperatures at the rotor interfaces. The port boundary conditions are summarized in Table 2 . This prescribed torch temperature is intended simply to overcome the threshold ignition temperature in the combustion model. Multi-dimensional modeling of torch jet ignition is the focus of work reported in Ref. [42] Table 3 . Ignition was posited to occur at two locations x/L = 0.8 and 1.0 when the passage is at angular position of 175° (i.e., 7° after the passage opens to the torch igniter). This ignition model was based on detailed evaluation of test data and multi-dimensional modeling of the traversing jet ignition process in multiple vortex structures [18, 25] .
Consumption of fuel mixture and production of hot burned gas, and their axial movement, are shown in level plots of fuel mass fraction and dimensionless temperature (Fig. 7) . Since the air-fuel mixture is mainly rich in this case, the available oxidant allows formation of intermediate species rather than complete combustion products. It is noted that some of the fuel is predicted to be spilled out through the exhaust port. This spillage is estimated by simulation to be 8% of the total fuel supplied. Fig. 9 are the variation of pressure, as well as boundary velocity profiles. These are supported by measurements discussed below. The velocity profile at the exhaust duct indicates a slight backflow at angular position ~10° due to the reflection of the expansion fan from the exhaust port as a compression wave, which later (at ~35°) causes a reduction in inlet velocity (Fig. 9, left) . Ambient pressure and temperature were applied as boundary stagnation properties during this minor backflow period. 360° is recorded by a shaft encoder. Remarkably consistent with measurements, the model predicts different pressure patterns for the two transducers, mainly because P5 is closer to the acoustic sources and refracting density interfaces caused by combustion. The fidelity of the calibrated model allows understanding of the complex transient gas dynamic and turbulent combustion phenomena beyond the limitations of instrumentation. However, for both transducers, the initial pressure rise due to ignition in Case A appears to occur slightly earlier and more gradually than predicted. This may be related to hot gas transfer via a known end wall space around the igniter, which may advance ignition at the near-wall location, but not at the stand-off location. As seen below, this discrepancy is not observed when fuel spillage at the exhaust end is avoided in Case B. Fuel proximity effects are examined in Ref. 25 using multi-dimensional modeling. Experiment Simulation distribution of fuel at the end of the filling process. The boundary velocity profiles (Fig. 12 ) indicate higher peak velocities, which is due to the stronger waves generated by higher peak combustion pressure resulting from a greater amount of fuel burned. By comparing pressure peaks for Cases A and B, the effect of 8% fuel spillage in Case A resulted in ~25% reduction in pressure rise inside the passage, with ~12% reduction in the predicted overall pressure gain. Experimental data for flame propagation (ion probe signal) is compared with the predicted flame propagation as presented in Fig. 13 . The flame ions appear with the expected apparent flame speed but slightly earlier than predicted by the simulation, and with some differences near the ignition source that may be related to residual air near the right end wall. Predicted pressure traces from P2 and P5 are overlaid on measured signals in Fig. 14, with the different patterns at the two location showing remarkably consistent match of the timing of pressure peaks and troughs and the overall pressure amplitude. The start of combustion pressure rise appears to be better predicted than for Case A, possibly because the lack of fuel adjacent to the end wall prevents ignition until the torch jet penetrates into the fueled region.
Shown in
Figure 14. Pressure traces comparison (Case B)
In summary, we see that for both Case A and Case B, experimental pressure and ionization data comparison with the simulations validate the model used to design the WRCVC and predict its cyclic operation. It should be noted that pressure sensors are not expected to respond to the full predicted amplitude of a shock wave, due to diminished sensor response at the high frequencies. The P5 sensor, which is in the very hot region, appears also subject to more noise, due to sensor temperature effects. Thermocouple measurements are presented separately below. to probe position, with equal horizontal scales. In some cases, multiple peaks were recorded at one location as the gas 'sloshes' the flame in the chamber. The gas motion and flame front location (thin red wavy line) were predicted by a simpler version of the simulation model. The predicted compression wave trajectories (thin grey lines) reveal motion of the gas that embeds the flame. It is noted that the measured flame trajectory is not as repeatable as the measured pressure trace data shown previously. This may be attributable to the highly multidimensional nature of the flame front, so that the ion probe on one side wall may be touched by the flame at slightly earlier or later times, whereas the overall heat release driving pressure history may not vary much. At filling, there is no fuel delivered to the left half of the passage; the appearance of flame in the left half (nearly to the position of probe I7), is due to expansion of hot gas from combustion in the right half. Relative to the wall, the flame appears to travel at over half of the sonic speed, but remains a fast but subsonic deflagration relative to the unburned gas.
VII. Rotor and End Wall Temperature Measurements
On-rotor temperature for Case C was recorded by K-type thermocouples located per Fig. 4 , intruding about 0.125 in into the combustion chamber. Much slower than pressure and ion sensors, thermocouples respond to rotor gas temperatures (Fig. 16 ) over multiple operating cycles (each 0.0285 s). The recorded temperature at each location may roughly be considered as averaged over each cycle, but not a simple time-average. The operating conditions were as given in the last section. The igniter is turned on prior to this recording, causing slight initial heating at T8-T10. The fuel valve was turned on for one second at the 214 s mark, followed by ignition after a fractional second for travel, as indicated by the start of temperature significant rise. After fuel cuts out at 215 s, the temperatures rise as combustion continues until fuel-free air fills the rotor. Sensor T10 reached nearly 1500°F for longer firing (3 s) under similar conditions. According to the corresponding simulations, the contact surface for pure air and reactant mixture lies at about the mid point of the passage, near T4 prior to combustion. During combustion the contact surface location moved as near as 4 in distance from inlet, and oscillated near the I7 and T2 location, Fig. 4 . The seal-plate end-wall thermocouples are continuously exposed to hot or cold gas during firing operation ( Interestingly, T22 indicates propagation of combustion flame and/or torch igniter exhaust immediately ahead of or prior to arrival of a passage at the igniter, while T19-T21, located further upstream, showed no heating.
Computational modeling for this operating condition predicted that hot combustion products were completely exhausted every cycle, with inflow spillage of approximately 7.1%.
Relatively small temperature changes were recorded at the inlet seal plate, which is not contacted by hot combustion gas. This mostly reflects temperature rise due to compression, which occurs by wave action before fuel combustion, and mainly combustion pressure rise after fuel introduction. Compared to the close measurement among T14, T15 and T16, the temperature measured at T17 and T18 were clearly lower than these three. This observation and the more subtle variations of these temperatures require more investigation. 
VIII. Inlet/Exhaust Measurements
The inlet total pressure measurement for Case C is presented in Fig. 18 . It should be remembered that a choked upstream orifice in the facility air supply system is designed to maintain a fixed inlet air mass flow, and the outflow static pressure is held constant (atmospheric discharge). The nominal inlet total pressure was about 22.25 psi prior to torch ignition. As the torch igniter was fired, inlet total pressure dropped by approximately 0.25 psi. Combustion started when the fuel flow was initiated at 214 seconds, and the inlet pressure dropped further by approximately 0.5 psi. These drops in inlet pressure are expected due to torch and main combustion as pressure increase in the passage causes stronger wave action and suction at the inlet. However, the main combustion-driven inlet depression is T15   T14  T16   T18  T17  T13 28 moderated by fuel flow, which should be carefully considered. The effect of the fuel flow alone can be observed at around 198 seconds in the plot. Following a purge with nitrogen to release any unwanted gas accumulation in the fuel plumbing, the fuel flow was activated without ignition to prime the lines. During this period, the inlet total pressure increased approximately 1.0 psi from the nominal pressure, due to fuel injection into cross flow at approximately the same rate as during the combustion test. The inlet system should experience a similar pressure rise during the combustion process due to the fuel addition. If the effect of fuel addition is considered, the inlet pressure decrease during combustion could be approximately 1.5 psi compared to pre-combustion torch igniter operation. It is anticipated that the pressure drop due to fuel addition in a high-speed cross flow would be significantly reduced in more optimal design of fuel-air mixing in a practical application. In a subsequent set of tests [27] , an exit total pressure rake was installed, having 6 elements placed on centers of equal areas at the exhaust discharge plane (Fig 3b) and connected to a mid-range data sampling rate system. One test run is reported here with a main air flow rate of 9.3 lb/s with an inlet pressure of 20.5 psia, and fuel flow rate of 0.56 lb/s for an overall equivalence ration of 0.88 during the firing period. The rotor speed was 2100 rpm. Exhaust duct measurements in this test run (Fig. 19) show that significantly increased total pressure readings were recorded over the portion of the duct near the position of rotor passage opening and initial discharge. The exhaust total pressure probe measurements match well with model prediction when the pressure data predicted in the passage frame-ofreference is converted to that for the probe. It is noted that some pressure losses may be incurred as the flow is forced to follow the path of the duct. It is envisioned that the duct angle can be optimized and additional features can 29 be applied in an operational device to create a greater spatial uniformity in the discharge pressure. Rig instrumentation did not include exhaust gas temperature measurement. 
IX. Inferences Regarding Pressure Gain and Pressure Fluctuation
It is reiterated that the WRCVC rig was not designed to demonstrate a pressure gain, but rather was designed to determine the characteristics of the on-rotor combustion process. Significant compromises in the combination of duct placement, rotor speed, fuel injection, and torch igniter placement were made that reduce the pressure gain potential but allowed the rig to be able to operate regardless of the combustion speed realized. Even so, indicators of performance gain potential are discernable from the data.
An indicator of this potential was the response of the pressure within the inlet upon combustion within the rotor as noted above. A noticeable drop in inlet pressure accompanied the start of combustion. A separate lumped-volume analysis [26] has shown that upstream plenum volumes are small compared to the flow rates, such that dynamic effects within the inlet section are small. The inlet pressure decrease compensates for a pressure rise generated within the WRCVC, so that the same mass flow rate is maintained. This behavior matches prediction and is a clear, though indirect, evidence of achieving pressure gain from combustion.
Based on the heat release estimated from the simulation, considering oxygen-limited partial combustion in rich zones, the predicted overall temperature ratio for this test is 3.97. For this temperature ratio, the calibrated model provides an estimate of overall pressure gain as 38%, based on constant-area mixing in the exit port that conserves mass, momentum, and energy. It is noted that this is not equivalent to simple arithmetic averaging or weighted averaging of total pressure profiles such as that presented in Fig. 19 . In most gas turbine applications, the temperature across the combustor would be limited a lower value. An additional test case was run with a predicted operating point temperature ratio of 2.63. The model's estimate for pressure gain in this case is 19%.
During the combustion phase of the cycle when both ends of the passage are closed, the unfiltered pulsating component of exhaust pressure was approximately ±7 psi, whereas the gas pressure within the rotor passages varied ±90 psi, both subject to similar instrumentation time response. These are consistent with model predictions. This represents an important aspect of the WRCVC type of pressure gain combustor in that the exhaust pressure variations in time exhibit less than a tenth of the internal pressure transients.
X. Conclusion
A wave rotor constant-volume combustor rig was built and operated reliably over a range of test conditions. In addition to demonstrating the viability of the WRCVC approach as a pressure-gain combustor, a significant amount of experimental and modeling data has been generated beyond any prior known work on this concept. Results show the viability of this configuration for forming a pressure-gain combustor and are promising regarding its utility for future turbine engine development. The observed operation of the rig validated the design intent and the accuracy of the modeling approach. The success of the WRCVC test series was reinforced by the demonstration of multiple advantageous characteristics.
Measurements of inlet pressure response to combustion, exhaust total (stagnation) pressure during combustion, and internal cyclic pressure as compared with modeling, individually and together strongly imply that a net pressure gain can be delivered. The rapidity of combustion also supported the viability of the WRCVC approach. The reaction zone indicated by the ion probes showed that very fast deflagrative flame propagation is possible, a characteristic important in creating a compact highly self cooled unit. The apparent axial flame travel rate was as high as 200 m/sec or over half of the acoustic velocity, relative to the passage walls, and including gas motion effects. Relative to unburned gas, it was estimated that the axial propagation speed of the flame averaged about 80 m/s. While the unburned mixture may be highly turbulent, it is believed that this flame propagation rate is strongly influenced by baroclinic vorticity generation through pressure-wave interaction, and may not be compared with typical turbulent flame propagation. The design provided excellent isolation of combustion from premixed filling as indicated by the absence of backfire during the test despite the large clearance gap levels at the rotor ends. The achievement of consistent combustion with non-contact seals at relatively open clearances indicates that sealing is reduced to a performance issue, and not an operability issue. Additionally, backfire was absent during shutdown when employing a proper sequence of fuel flow stopped before torch termination.
Stable operation was indicated to be possible over a broad range of overall equivalence ratios from 0.39 to 1.03.
For all the test conditions conducted, combustion was more successful with relatively higher equivalence ratios in the combustible fueled region. The range for more successful ignition appeared to be in the rich range, but this could not be confirmed by gas sampling due to possible air infiltration and torch igniter cooling flow. Pressure measured in the rotor passages indicated very little cycle-to-cycle variation and almost no passage-to-passage variation.
However, the ion probe profile varied somewhat from cycle to cycle, since the sensor is on one wall and thus oblivious to expected three-dimensional variations in the flame structure. 
